The influence of pump radiation parameters such as the polarization and the spectral width of infrared radiation on the conversion of broadband radiation in lithium niobate crystals was investigated. The spectra of converted radiation were calculated for two types of phase matching in the negative uniaxial crystal by taking into account the convergence of the light beam in the crystal. Experimental spectra were obtained and compared with the calculated spectra.
Introduction
Systems based on thermographic phosphors, digital holograms, and other conversion mechanisms have been widely used to achieve thermal-to-visible conversion [1, 2] . Optical methods for the conversion of broadband infrared radiation are based on frequency-mixing processes such as second harmonic generation and sum frequencies generation in nonlinear optical crystals and are used for the visualization of infrared images of thermal objects [2, 3] and in other applications [4] . These methods appear to offer the most advantage for the analysis of two-dimensional (and three-dimensional) infrared images. The important advantage of optical methods for the visualization of infrared radiation in nonlinear optical crystals, unlike electrooptical transformation methods, is that they preserve the phase information and consequently enable further coherent image processing (e.g., holography in the infrared range with no inertial visualization).
Since the late 1960s, studies have focused on problems involved in the conversion of broadband infrared radiation into the visible spectral range by nonlinear optics methods [5] . First, the conversion of broadband infrared radiation in nonlinear crystals was carried out by using narrowband laser pump radiation. However, this method for the visualization of infrared images has some disadvantages such as the spotty image structure caused by the coherence of laser pump radiation, distortion of the image size along one of the directions (in the plane of phase matching), narrow spectral frequency interval of the converted radiation of 20-30 cm −1 (occasionally, of 200-300 cm −1 ), and sharp deterioration of the converted image when the spectral frequency interval of the infrared radiation is increased or when the pump radiation is focused [6] .
At the same time, there are a number of interesting experimental and theoretical results of studies of the conversion of broadband infrared radiation by the use of incoherent pump radiation. It has been shown that when certain conditions are fulfilled, the process of harmonic generation for incoherent pump radiation can be more effective than that for coherent laser pump radiation [6, 7] . Then, nonlinear visualization of the infrared image of a thermal object by using pumping from nonlaser sources is the most reasonable method.
Nonlinear visualization of infrared radiation is realized using conversion systems for infrared radiation. The characteristics of conversion systems for infrared images in nonlinear crystals with pumping from incoherent radiation sources have been reported [8] .
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The influence of thermal object temperature and pump radiation parameters on the spectrum and conversion efficiency of broadband infrared radiation has been investigated [8] [9] [10] . In these studies, the spectra of converted infrared radiation were calculated for collinear light beams. However, in the case of convergent light beams, it is necessary to take into account the noncollinear light wave interactions, which essentially increase the conversion efficiency of broadband infrared radiation in nonlinear crystals [11] .
This study investigates the influence of pump radiation parameters such as the polarization and spectral width of infrared radiation on the conversion of broadband infrared radiation in nonlinear optical crystals. The spectra of converted broadband infrared radiation in nonlinear optical crystals were calculated by taking into account the noncollinear interactions of light waves [12] . Approximate calculations were carried out when the power of a generated wave is so small that it is possible to consider the amplitudes of two propagating waves to have been constant through the entire length of a crystal. The calculated spectra were compared to the corresponding experimental spectra. The experimental spectra were obtained for nonlinear negative crystals of lithium niobate (LN).
Model
Sum-frequency generation and second harmonic generation occur when the propagation direction of a beam of broadband infrared radiation coincides with the phase matching direction for one of the input frequencies. The waves of frequencies 1 = 3 /2 − Ω and 2 = 3 /2 + Ω contribute to a generated wave of frequency 3 , where Ω is the interval between frequencies 1 and 2 and frequency 3 /2 [13] . It is assumed that the amplitudes of two propagating waves are constant throughout the entire length of a crystal.
The intensity of the converted radiation of frequency 3 is given as
where is a constant proportional to the squared component of the nonlinear susceptibility tensor, 1 ( 1 ) and 2 ( 2 ) are the intensities of interacting light waves, is the length of a crystal along the propagation directions of waves, and Δ is the disturbance of phase matching. The disturbance of phase matching is given as [8] [9] [10] [11] [12] [13] 
where 1 ( 1 ), 2 ( 2 ), and 3 ( 3 ) are wave numbers of the three waves as they travel through the medium and 1 ( 1 ),
, and 3 ( 3 ) are refractive indexes that depend on the polarization and direction of the waves that pass through the crystal. The values of the refractive indexes were calculated by the Sellmeier equations.
The intensity of the converted broadband radiation with frequency 3 is provided by the resulting interaction of waves of all frequencies 1 and 2 that are equidistant from 3 /2. The spectral intensity ( 3 ) for a collinear light beam is given as [8] [9] [10] 
The intensity of the converted broadband radiation taking into account the interactions of noncollinear light beams along a direction is given as
where 2 is the angle of convergence of an input beam in the crystal. The disturbance of phase matching Δ depends on the refractive indexes 1 ( 1 ), 2 ( 2 ), and 3 ( 3 ), which for the first type of phase matching (oo-e) are defined by the expressions:
where , and are refractive indexes for ordinary and extraordinary waves at the respective frequencies. The intensity of the converted broadband radiation at the crystal output was calculated by taking into account the interactions of noncollinear light beams along all possible directions within the angle range of an input convergent beam of infrared broadband radiation [9] [10] [11] [12] :
where is the angle of phase matching for the frequency 3 /2 with respect to the optical axis of a crystal.
Calculation
Let us consider an algorithm for the calculation of the spectrum of broadband radiation converted in a nonlinear crystal. The spectra of the converted broadband infrared radiation were calculated for two types of phase matching, which are usually the most suitable in nonlinear negative uniaxial crystals. In the first type of phase matching (oo-e), the input waves of angular frequencies 1 and 2 have ordinary polarization with respect to the crystal, but the generated wave of frequency 3 has extraordinary polarization. In the second type of phase matching (oe-e), the input waves of angular frequencies 1 and 2 have orthogonal polarizations, but the generated wave of frequency 3 has extraordinary polarization.
The intensity of the converted broadband radiation at the crystal output defines the resulting spectrum of converted radiation. First, the dependence of the intensity of the converted radiation (Ω) at frequency 3 on the frequency interval Ω between frequencies 1 and 2 and frequency 3 /2 of the input broadband infrared radiation was calculated by (1) . It was assumed that the waves at frequencies 1 and 2 were propagated in the direction of phase matching for one of the input frequencies 0 (wavelength: 0 ). The calculation results showed that the intensity of the converted radiation (Ω) quickly decreased for frequencies of the converted radiation that are smaller than 2 0 . The intensity of the converted radiation (Ω) for frequencies of the converted radiation that are greater than 2 0 depends on the frequency interval Ω between frequencies 1 and 2 .
During the second harmonic generation, each frequency 3 ( 3 ) of converted infrared radiation can be obtained by various combinations of frequencies of the input radiation, as 3 = ( 3 /2 − Ω) + ( 3 /2 + Ω). However, only one combination of frequencies 1 ( 1 ) and 2 ( 2 ) is possible for each value of frequency 3 ( 3 ) in the given phase matching direction.
Next, the intensity ( 3 ) of the converted radiation for the collinear interactions of light waves was calculated by (3) . The spectrum of the converted radiation for the collinear interactions of light waves is unsymmetrical in relation to frequency 2 0 , corresponding to the maximum intensity. For frequencies 3 > 2 0 , the intensity of the converted radiation rapidly decreases. This is caused by reduction of the frequency interval Ω of interacting waves and by a decrease in the efficiency of the conversion of broadband infrared radiation. For frequencies 3 < 2 0 , converted radiation does not occur.
Finally, the intensity of the converted broadband radiation at the crystal output was calculated by (3) by taking into account the noncollinear interactions of light waves. The calculated spectra for a LN crystal (thickness: 11 mm) are shown in Figure 1(a) .
The spectra of the converted broadband radiation were calculated for the first type of phase matching (oo-e) when the axis of the convergence beam of broadband infrared radiation coincided with the phase matching direction for the wavelength 1.06 . The angle between the axis of the incident beam and the optical axis of the LN is 84.8
∘ . In addition, it is assumed that the spectral range of infrared radiation is 0.67-1.7 .
The spectra of the converted broadband radiation were obtained for several values of the angle 2 of convergence of an input beam. The calculation results of the spectra of the converted broadband radiation showed that the increase in the convergence angle of an input beam results in the extension of the spectrum of converted radiation in the region of longer wavelengths and that the conversion efficiency of broadband infrared radiation increases [13] .
In the general case, the shape of the spectrum depends on the location of the phase matching frequency in the input infrared radiation spectrum and on the propagation direction of infrared radiation with respect to the optical axis of the nonlinear crystal. The width of the spectrum of the converted radiation significantly depends on the type of nonlinear crystal, its thickness, and the type of interaction of light waves. The width of the converted radiation spectrum achieves its maximum when the phase matching frequency is chosen precisely in the middle of the frequency range of input infrared radiation. The increase in the spectral range of the input infrared radiation into the region of short wavelengths leads to the extension of the spectrum of converted radiation in the region of shorter wavelengths, and the conversion efficiency of broadband infrared radiation increases [13] .
In addition, the spectra of the converted broadband radiation were calculated for the second type of phase matching (oe-e). It is assumed that the angle between the axis of the incident beam and the optical axis of the crystal of LN is 84.8 ∘ (phase matching direction for the wavelength 1.06 ), the spectral range of infrared radiation is 0.67-1.7 , and the convergence of the incident beam is 5 ∘ . The calculated spectra for LN are shown in Figure 1(b) .
When the input waves have orthogonal polarizations, two combinations are possible: o( 1 )e( 2 ) and o( 2 )e( 1 ). Therefore, the resulting spectrum of converted radiation for the oe-e type of phase matching has two maxima, which correspond to two cases of interaction o( 2 )e( 1 )-e( 3 ) and o( 1 )e( 2 )-e( 3 ).
The calculated spectra of the converted broadband radiation were compared to the corresponding experimental spectra obtained for LN.
Experimental Data and Discussion
The experimental spectra of the converted broadband radiation ( Figure 2 ) were obtained by means of an experimental setup [8] . A lamp with a small tungsten filament is used as a source of infrared radiation.
The spectra of the broadband radiation converted in LN are shown in Figure 2 (a) for two types of phase matching, with the spectral range of the input infrared radiation being 0.67-1.7 and the convergence of the incident beam being 5 ∘ . The axis of an input beam of infrared radiation was directed at an angle of under 90
∘ to the optical axis of LN. The spectrum of the converted broadband radiation for the oo-e type of phase matching has one maximum ( = 0.53 ). The maximum of the spectrum of converted broadband radiation is shifted to a spectral range of longer wavelengths when the value of the phase matching angle is decreased. In contrast, it is shifted to a spectral range of shorter wavelengths when the value of the phase matching angle is increased. Furthermore, the spectrum maximum can be shifted by focusing the input beam. It is shifted to a spectral range of shorter wavelengths when the angle of convergence of an input beam is increased and vice versa. In addition, when infrared radiation is focused inside a nonlinear crystal, the conversion efficiency of broadband infrared radiation is increased (Figure 3(a) ). This occurs because of the increasing number of possible vector interactions at the phase matching condition for frequencies < 0 ( : frequency of input radiation). Note that with these frequencies, the phase matching condition is not fulfilled for the collinear interaction of light waves.
Moreover, the conversion efficiency of broadband infrared radiation depends on the thermal object temperature and the pump radiation parameters [9] . The increase in the thermal object temperature has very little effect on changing the experimental spectrum shape (Figure 2(b) ), while the conversion efficiency is increased (Figure 3(b) ). The increase in the spectral range of input infrared radiation in the region of short wavelengths results in the extension of the spectrum of the converted radiation and the increase in the conversion efficiency of broadband infrared radiation.
Conclusion
The spectra of broadband infrared radiation converted in LN crystals were calculated for convergent input beams. The calculation results show that the spectral range of converted radiation and the conversion efficiency depend on the convergence angle of the input beam and the pump radiation parameters such as the polarization and spectral range of broadband infrared radiation. In addition, experimental spectra were obtained under the same conditions and compared to the calculated spectra. The calculation results agree with the experimental results. The proposed algorithm for the calculation of the spectra of converted broadband radiation can be used for simulation and to study the conversion of broadband infrared radiation in different nonlinear optical crystals. The investigation results can be helpful for realizing color vision systems and for IR-object visualization.
